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f I^ew and Efficient Method for Cene I ransfer into Mouse FM3A Cells Using 
Metaphase C hromosomes by Klectroporation 
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We introduced chromosome-mediated genes into mouse thymi- 
aine kinase-deticient FM3A (FM3Atk ) cells, by electroporation 
The effects of some parameters on the electric shock-mediated 
.ransfection of FM3Atk cells were investii;ated. (;ene transfer of 
Lse 1929 metaphase chromosome UNA into FM3Atk resulted 
I a maximum frequency of (3.0±O.3)x 10 ^ at a cell density o 
,0xlO^/ml and chromosome dosage of 5.0 x 10^ cell equivalents/ 
^1 in a buffer containing 0.25 m mannitol, 0.5 mM MgC 1„ O.l mM 
Cad. and I mM Tris-IIC l (pH 7.1), The highest yield of the 
transformants >>as obtained at an electric field strength of I kV/ 
cm and a capacitance of 35 ^iF, nith a single exponentially decay- 
ing pulse at 0°C. The incubation condititms of 60min at O^^C was 
optimal for post-shock incubation after electroporation. The tk 
gene was detected in the transformants by in situ hybridization 
analysis. 

Ke> words: clcctr(ip()ralion: gene transfer: chromosome; 
mouse FM3A; irequency 



rolls m suspension are Iransienlly permeabili/ca upon ex- 
posure to some cnlieal electnc tieki strength/' This technique, 
designated as electroporation. is widely available for introduction 
ot>xooen(ms HNAs and other macromolecules into living cells. 
Electroporation has been proved superior to conventional meth- 
od, such as calcium phosphate precipitation or microinjection. 
Since the first application to mouse fibroblasts by Neumann et 
It has been widelv used in molecular biology and genetics 
because DNA can easily be transferred mto various procaryolic 
and eukarvotic cells. ' ' A high frequency of transfer can be achieved 
tor each cell tvpe, bv selecting a series of parameters of pulse 
amplitude and duration.^^ "^^ However DNAs thus tar used for 
the ^ene transfer are mainlv plasmids, which are rather small. 
The dectroporation has not been used for chromosomal DNA 
tr<,nsfer. Metaphase chromosennes have been transferred to cells by 
a-precip.tation with calcium phosphate.'^ In these prevuuis 
^t.idics the transfer frequency (number of transformants total 
vi.ible cells) was <mlv 10"" 10 Tins method is also low m 
upr(Hluabihtv and requires a certain skill in handling. Here we 
r.poi-t a new electroporation protocol that shows a considerably 
higher frequency of chromosome-mediated gene transfer. 

The thvmidine auxotrophic strain, mouse FM3A cells, was 
c'lltured as described by Yamauehi ei The metaphase 

^tiromosomes containing a thymidine kinase (tk) gene ^ were 
prepared from mouse L9:9 cells as described by Lewis ct ul'' The 
^'^pcnsuMi of metaphase chromosomes diluted in SO/d ot a 
■dectroporation butfer composed of :M)mM manmtcd. 0.1 mM 
f a( 0.5 msi MizCK. and 1 mM Tris HCl (pH 7.1) was added to 
PcHcls of FM.vAtk "cells (10^ 10^. and a -0-/d portum ot the 
■^cll suspeuMon was then placed m a electroporation cuvette 
'nitcrelectr(Kle distance. 0.1 cm). An exponentially decaying wave 



pulse {the field strength, 1 kV cm; the capacitance, 3s /.F) was 
applied to the cuvette with an electroporation apparatus (Flectro 
Gene Transfer Equipment GTF-IO. Shimadzu, Japan). After 
incubating the mixture for 60 mm at 0 C (unlike convcnt.ona 
post-shock incubation^^'* at 37 C), the mixture was added to 10m 
of FS medium (Nissui Seiyaku Co., Ftd.. Japan) with 2% fetal 
calf scrum (FCS), in 10-cm Petri dishes. Ihis sample was then 
cultured for I2h at 37 for the gene expression. The culture was 
then diluted and ovcrlayed on I:S agar plates containing U^o FCS 
and HAT supplement and incubated for 2 -3 weeks until tk clones 

developed.^'' ^^^^^ ^ , „ 

The electric pulse-mediated DNA Iransfer mto FM3Atk cells 
stronelv depends on the milial strength of the electric impulses. 
\s shown m experimental parameter A in Table I. the electnc 
impulse at I kV cm was most effective for the chromosome gene 
transfer At t^eld strengths higher than 3kV cm, the cells were 
irreversiblv damaged. The presence of divalent cations hkc Mg^ 
increased the amount of DNA bound to the cell surface. As 
shown in experimental parameter B in Table I, the frequency m 
chromosome gene Iransfer increased with an increase ot the 
concentration of Mg^ ^ ions m the electroporation butler, and 
eave the hmhest value of (2.3 ±0.2) x 10^^ at 0.5mM ot Mg 
ions The frequencv also became higher with an increasing con- 
centration of mannitol m the butfer and gaNe the maximum 



Table 1. Chromosome-mediated Gene Transfer mto FM3Atk " Cells by 
Electroporation 



Fxpenmental parameter 
.A: Electric impulse 

li; Mg^' cone. 

(': Mannitol C(Mic. 











Survival 


Frequency 


0.5 kV cm 


92 


(2.1 ±0.2) > 10" " 


1.0 kV cm 


80 


(4.7 4 0,1) X 10"'^ 


1 .5 kV cm 


14 


(3..^ t.('.3) y 10 


2,0 kV cm 


4 


(1,6 + 0.1) y 10 " 


:^.()kV cm 


0 


0 


0.05 mM 


64 


( 1 f 0.1) y U» " ' 


0 1 niM 


6: 


(1,6 + 0 2) / 10 " 


n 2 mM 


67 


(1.6 \ 0.1 1 10 


0.^ mM 


65 


,2,1 f 0 2) < 10 


1 OmM 


64 


(l.S (0.3) ■< 10 


n.t M 


55 


12.0 10. Ux 10 ' 


0.25m 


3S 


(2.7 + O.l) / 10 ' 


0.5 M 


.^0 


(1.6 M).2) ^ 10 ' 


10 M 


19 


(7,s 40. 8) / 10"'^ 



The M.iHlarJ clcvlrcror.Ui.Mi was d.-.c. n.mg sainplc- conlain.ng 
,„■ cclK ml ana chromuvMno of lo" cdl cqu.val.ms ml u, hutlc 
as dc..r,hod ,n the text, under .kv.r.c cond.Uons „t a tidd 4r.nglh ol 
\\\ cm and a .ar,,c,tancc of _^^,<F uuh a s.ngle dcca>cd rul^e at D C. 
FrcMueno was presented as >he mean • standard deua,„.n number 
obtained from triplicate trials 
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M, OUS! (7 ill 



:-mca.;itcd (,cne 1 ranstci into 1 M V\lk ( clK by I-kxtropm:ilun 



Sui\ i\al 



l-xpcnnu-nlal p;tr:imctLT 



1-okl 



A: (. ell density 



B: Chromosimie uonc. 



C: Post-shock incubation 



D; (iene expression time 



5.0 / )()^CL-lls ml 
SO X I(f ceils ml 
yO X H) " cells nil 
SX) X 10" cells ml 

1.1 V 10' eeli eqiiiv. ml 
1.1 X 10^' cell equiv. ml 
1.1 < 10^ cell equiv. ml 
].! < lO^'cell equiv. ml 

0 C 0 mm 
or lOmin 
OC 30min 
DC 60min 
0 C 120min 
20 C 60 mm 
37 C 60 mm 
Oh 
2h 
6h 
12h 
24 h 
36 h 



1 

14 

SS 
S7 
h4 
74 

m 

HI 
75 
62 
50 
47 
41 
38 
32 



1,0 
1.2 
1.8 
3.0 
4.1 
2.5 



The standard electroporation procedure was the same as in Table I. 



l-requenc> 



0 
0 

(2,7 10.5) > 
(1.3 t 0.2) > 
(1.3 t 0.2). 
(2.9 + 0.7) > 
(7,2 1 0.6) > 
(1 6 + 0.03) 
(1.8 + 0,2):- 
(2.1 ±0.1) ■ 
(2.4 + 0.2) ■ 
(3.0 + 0.3) ■ 
(2.3±0.1) 
(1.7 + 0.1) 
(1.1 ±0.2) 
(7.0 + 7.0) 
(2,8 ± 1.4) 
(5.6 + 0.7) 
(1.2 ±0.2) 
(8.4±0.7) 
(2,1±0.1) 
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Fig. Huorc™ Photomicrograph of Metaphase Chromosomes m a Transformant of Moused -Fhcrn. 
y chron..o.e UUA was hv.rKi.ed w.th a probe o, pIKS plasn.. DN,A con.a.n.ng ' ,cnc and su.ncd ..h propKiu,. .odulc <S.,n.a. P4) .0), 

indicates the fiunrt-scencc of tk gene integrated m (he FM3.Atk lcII centromere. 



value of (1.6 + 0.2)xl0 ' al 0.5m (Parameter C in Table 1). 
Towards the higher cell density the yield of the iransformanls 
increased, but the frequency was the highest at 5.0 x 10 cells ml. 
Gene transfer into cells was not detected at cell densities lower 
than 5 X 10' ml {Parameter A in Table II). The survival rate was 
reduced with the decrease of the eel) density. This result indicates 
that the cells are irreversibly damaged with the increased collision 
of pulse to cells at lower cell density. It is important to analyze 
the relationship between dosage of chromosome and the frequency 
of gene transfer. The number of chromosome was expressed as 
cell equivalcnts per miHiliter (Parameter B in Table II). The ire- 



quencv increased markedly with an increase of the concentration 
of L929 chromosome up to 1.1 x 10' cell equivalents ml. When 
the cells were held, after exposure to the electric shock, at 0 C lor 
60min the surviving fraction was slightly decreased, while the 
transformation frequency mcreased moderately (Parameter C m 
Table II). We also investigated the efTects of incubation time tor 
gene expression at 37 C. following post-shock incubation alter 
electroporation. on the transfeclion frequency (Parameter Dm 
Table II). The frequcncv mcreased with prolongation of incubation 
time and reached the maximum at 1 2 h. Cell survival also iiureascM 
gradually during the mcubation and reached a peak at 24 h. At 



( ■hri>m(>some-mi.-di.ilai ( lone 1 raiisfcr 



the surviving fraction was rather reduced, due to 



fluorescence in situ 



,),. however 
; ,„ckoftiuinenis. 

'7o detect physically the transgenome 

H/atuin"'" was next done. Using plasmid plKS 

' H zed to the chromosomal DNA from transiormants (sec 
1 Fraction of the hyhridiz-cd cells was found to be about 5% 
f'^' ,, -.10^ transformants examined. These data indicate that 
"""."msformant contains L929 chromosomal I^NA integrated in 
t Lt chromosome. It was found that the progeny cells ob- 
* A bv successive culture of the transformants also contam 
fi^o chromosomal DNA in the host chromosome, by in situ 
Ldization analysts (data not shown). It is not clear if 
,rranRements, particularly interstitial deletions, occur in the 
llenomes taken up recipient cells. Willecke et suggest 
1 transfer fragmentation of the transgenome can occur during, 
Sre, .ts integration. Yamauchi et al.^> reported that the 
Isformant may contain human HeLa chromosonie DNA in- 
Lrated in the host chromosome that was as small as several 
u dred kilobase pairs m size, by analyzing DNA bands con- 
Lning human Alu sequences. McBride ;^-f;;y^^^;^ 
that the size of the transgenome was no more than 0.25 ()..< ol 
ihe donor genome.''-"" 

Yamauchi «/."' also showed that the frequency "I transfer 
of HeLa chromosome into FM.^Atk" cells was only 10 -10 
ncr cell by co-precipitation of mitotic chromosome with calcium 
phosphate. Our experiments on mouse L'»29 chromosome trans- 
fer into FlVl3Atk- cells resulted in the order of 10 in Ire- 
quency and provide guidelines for the identification of conditions 
suitable for electrically mediated chromosomal gene transfer. At 
least the initial field strength of l .OkV/cm and the capacitance 
of 35 jiF may be applied at 0 C using the pulsing buffer contaming 
0 5mM MgCI^ and 0.5m mannitol, Electroporation will be 
acnerallv applicable for chromosome gene transfer into mamma- 



liin cells Chromosomes of Hel.a cells were indeed electro- 
transferred into f-M3A cells, at the etliciency equal to that of 

strain (unpublished results). 
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